Three magnetic carbon xerogels were developed by inclusion of iron and/or cobalt precursors during the synthesis procedure. The synthesized materials were tested in the catalytic wet peroxide oxidation (CWPO) of aqueous solutions containing 4-nitrophenol (4-NP) − a refractory organic model pollutant, under a water treatment process intensification approach. For that purpose, the experimental runs were performed with high pollutant load (5 g L
Introduction
Catalytic wet peroxide oxidation (CWPO) is a recognized low cost advanced oxidation process (AOP) [1] , typically operated with simple equipment and under mild conditions (e.g., at atmospheric pressure and low to moderate temperatures) [2] . Like other AOPs such as photocatalysis [3] , ozonation [4] , catalytic wet air oxidation [5] , electrooxidation [6] , persulfate oxidation [7] , cavitation [8] and the Fenton process [9] , CWPO relies on the formation of highly oxidizing hydroxyl radicals (HO%), which subsequently serve as effective species for the destruction of most of the organic pollutants present in aqueous phase [10, 11] . In CWPO, HO%are formed from the catalytic decomposition of hydrogen peroxide (H 2 O 2 ). When ferrous ion (Fe 2+ ) is used to catalyse the formation of HO% from H 2 O 2 , the process is usually known as the Fenton process [12] . In this particular case, the main reactions involved in the catalytic cycle can be described by Eqs. (1) and (2 
and HO%, as described by Eq. (1) [12, 13] . Afterwards, the regeneration of Fe 2+ from Fe 3+ is mainly accomplished through the reaction of Fe 3+ with H 2 O 2 , as described by Eq. (2) [13] . Nevertheless, the Fenton process includes several other reactions, resulting in a complex mechanism recently compiled by Munoz et al. [13] . For instance, the regeneration of Fe 2+ from Fe 3+ can also proceed through the reaction of Fe 3+ with hydroperoxyl radicals (HOO%), as described in Eq. (3) [13] [14] [15] . 
However, some drawbacks leading to the increase of implementation and operation costs are commonly associated to the process. One of them is the need for a complicated final separation step for the recovery or elimination of the Fe 2+ /Fe 3+ ions, in many cases found in amounts exceeding the limits allowed by EU directives for discharge of treated water into natural receiving water bodies (2 mg L −1
), which in turn leads to the undesired production of large amounts of iron sludge in the form of Fe(OH) 3 [9, 13] . In this case, the costs associated to the subsequent treatment and disposal of the iron sludge may represent up to 50% of the total operating costs [13] . In order to overcome these constrains, the use of heterogeneous metal/ magnetic phases, either directly applied as catalyst in CWPO or included in very distinct support/hybrid materials, such as those containing alumina, silica, carbon materials, zeolites, pillared clays, minerals and others, have received a great deal of attention from the scientific community, as confirmed by several review articles published in recent years [11, 13, [16] [17] [18] [19] [20] [21] [22] .
In the particular case of hybrid magnetic carbon materials, it has already been shown that several synergies arise from the combination of active and magnetically separable iron-based materials with the easily tuned properties of carbon-based materials [16] . As a result of these synergistic effects, the ability of CWPO to efficiently degrade toxic, persistent and bio-recalcitrant organic pollutants such as endocrine disrupting compounds, many types of pharmaceutical drugs, personal care products, pesticides, surfactants and biocides, has been demonstrated at atmospheric pressure and under mild temperatures (in the range 20-80°C) [16] . In addition, the confinement effect caused by the carbon phase promotes an increased structural stability of the nanostructured composites, leading to less leaching of metal species during CWPO [16] . Therefore, the typical separation step required in the classical Fenton process for the removal of dissolved iron species in the treated water can be avoided.
With all this in mind, novel magnetic carbon xerogels consisting of interconnected carbon microspheres with iron and/or cobalt microparticles embedded in their structure were recently developed and applied in the CWPO of an antimicrobial agent typically found throughout the urban water cycle -sulfamethoxazole [23] . It was observed that a synergistic effect arises from the simultaneous incorporation of cobalt and iron in the magnetic carbon xerogel (denoted as CX/CoFe), when its performance in the CWPO of sulfamethoxazole at the ppb level (500 μg L ) is compared to that of monometallic catalysts containing only iron or cobalt [23] . However, this positive effect was not fully understood at that time. In the present work, the magnetic carbon xerogels were applied in the CWPO of 4-nitrophenol (4-NP) -a typical refractory organic model pollutant, under a water treatment process intensification approach. For that purpose, the CWPO experiments were performed with high pollutant load (5 g L −1 ) and low
, corresponding to a fixed pollutant/catalyst mass ratio of 2, which is well higher than most of the ratios reported for the application of carbon [16] or magnetite-based [13] catalysts in CWPO). In this way, the synergistic effect previously observed is amplified, and the role of cobalt in the bimetallic iron-cobalt magnetic carbon xerogels can be fully clarified. All chemicals were used as received, without further purification. Distilled water was used throughout the work.
Materials and methods

Chemicals
Synthesis of magnetic carbon xerogels
The magnetic carbon xerogels were prepared as described in our previous work, by inclusion of iron and/or cobalt precursors during the synthesis of carbon xerogels by polycondensation of resorcinol with formaldehyde [23] .
Characterization techniques
The specific surface area (S BET ), micropore volume (V micro ), total pore volume (V total ), and the pH at point of zero charge (pH PZC ) of the magnetic carbon xerogels were determined as previously described [23] . Likewise, the procedures used for the determination of the total contents of iron and cobalt in the magnetic carbon xerogels, to obtain scanning electron microscopy (SEM) images, and to perform X-ray photoelectron spectroscopy (XPS) analysis were also described in our previous publication [23] . In the case of the SEM measurements, ImageJ software was used in order to estimate the size of the primary carbon microspheres (at least 110 counts) and of the metal particles (at least 65 counts) embedded in the structure of the magnetic carbon xerogels. Regarding the XPS analysis, the oxidation states of iron and cobalt species were obtained from Fe 2p3/2 and Co 2p3/2 spectral fitting with Lorentz curves using the OriginPro software, based on the spectral fitting parameters reported elsewhere [24] , namely binding energies and full width at half maximum (FWHM) values for Fe, FeO, Fe 2 O 3 , Co, CoO and CoOOH reference samples.
Catalytic wet peroxide oxidation experiments
Batch CWPO experiments were performed as previously described [25] , with [4- Selected experiments were performed in triplicate, in order to assess reproducibility and error of the experimental results. It was found that the relative standard deviations of 4-NP and H 2 O 2 determination were never higher than 3% and 2%, respectively.
Analytical methods
The parent compound 4-NP and possible oxidation by-products were determined by high performance liquid chromatography (HPLC), using a previously described method [26] . Total organic carbon (TOC) was determined using a Shimadzu TOC-L CSN analyser. In both cases, sodium sulphite was used in order to consume residual H 2 O 2 [26] . The concentration of H 2 O 2 [26] and the dissolved iron content [23] were determined by colorimetric methods, while the dissolved cobalt was determined by atomic absorption spectroscopy [23] .
Results and discussion
Textural and surface chemical characterization
The magnetic carbon xerogels used in this work were extensively characterized in a previous publication for their application in the CWPO of the antimicrobial agent sulfamethoxazole [23] . Notwithstanding, some textural and surface chemical properties were further explored throughout this work.
The textural properties of the magnetic carbon xerogels were determined from the N 2 adsorption-desorption isotherms given in Fig. 1 . The material resulting from the inclusion of iron during the polymerization step (CX/Fe) denotes a stronger influence of mesoporosity (as revealed by the progressive increase of the amount of N 2 adsorbed at higher relative pressures). On the other hand, the material with only cobalt in its structure (CX/Co) is essentially microporous (as revealed by the amount of N 2 adsorbed at low relative pressure). The bimetallic magnetic carbon xerogel (CX/CoFe) exhibits intermediate textural properties, as detailed in Table 1 . In addition to the specific surface area (S BET ), the intermediate properties of CX/CoFe are particularly reflected by the ratio V micro /V total . Specifically, CX/Fe reveals a ratio V micro / V total = 0.37, while CX/Co reveals a more pronounced microporous nature (V micro /V total = 0.81); CX/CoFe reveals an intermediate ratio
The molecular structure of the magnetic carbon xerogels was analysed by XRD in our previous publication [23] . It was found that the magnetic carbon xerogels are composed of graphite and iron and/or cobalt species. Specifically, magnetite ( Regarding the surface chemistry, the values of pH PZC of the magnetic carbon xerogels were determined (cf. Table 1 ). As discussed in our previous study, the values of pH PZC follow the same order of those reported in the literature for their main metal oxide constituents, suggesting that the pH PZC of the magnetic carbon xerogels are mainly determined by the different contributions of the metal oxides detected by XRD [23] . Additional insights on the oxidation state of each component existing at the surface of the magnetic carbon xerogels were obtained by XPS analysis, as discussed in Section 3.2.3.
The morphology of the magnetic carbon xerogels was analysed by SEM ( Fig. 2) . These materials are composed by aggregates of interconnected carbon microspheres with metal microparticles embedded in their structure (composed of iron and/or cobalt species, as previously discussed). The monometallic CX/Fe (Fig. 2a) possesses the largest and more complex aggregates, but the smallest primary carbon microspheres (cf. Table 1) ; on the contrary, the monometallic CX/Co (Fig. 2b) possesses the smallest aggregates, but the largest carbon microspheres. The characteristics of the aggregates and carbon microspheres of the bimetallic CX/CoFe fall between those observed with the monometallic materials (Fig. 2c) .
The presence of cobalt (i.e., CX/Co and CX/CoFe) leads to a more pronounced distribution of the metallic phase over the surface of the magnetic carbon xerogels (Fig. 2) . To confirm this observation, the total contents of the different metal species embedded in the magnetic carbon xerogels were determined by atomic absorption analysis of the solutions resulting from the acidic digestion of the solids.
As observed in Table 2 , CX/Fe and CX/CoFe contain about the same total metal fraction (6.5% Fe vs. 4.6% Fe + 2.1% Co, i.e., 6.7% metal phase). However, the amount and distribution of metal particles on the surface of CX/CoFe (Fig. 2c) is more evident than that observed with CX/Fe (Fig. 2a) . For the sake of clarity, the metal distribution at the surface of the magnetic carbon xerogels was analysed by XPS. The corresponding atomic surface concentrations of C, O, Fe and Co are also given in Table 2 . As observed, the simultaneous incorporation of iron and cobalt leads to an increased metal concentration at the surface of the bimetallic CX/CoFe, confirming that the distribution of metal particles at the surface of the magnetic carbon xerogels is affected by the nature of the metal precursor. The differences observed between the total iron and cobalt contents given in Table 2 when compared to the surface weight concentrations (also given in Table 2 ), can be ascribed to the encapsulation of metal particles by the organic phase during the synthesis of the monometallic materials. On the contrary, as suggested by the higher surface concentrations of both iron and cobalt when compared to their total contents (cf. Table 2 ), the metals are preferentially located at the surface of the magnetic carbon xerogel when iron and cobalt are simultaneously incorporated in the bimetallic CX/ CoFe, therefore becoming more accessible.
Catalytic wet peroxide oxidation experiments
The performance of the magnetic carbon xerogels in the CWPO of highly concentrated 4-NP solutions (5 g L −1
) was evaluated in experiments performed under the conditions referred in Section 2.4. The corresponding 4-NP removal curves are shown in Fig. 3 . These results confirm the superior performance of the bimetallic magnetic carbon xerogel with cobalt and iron microparticles embedded in its structure (CX/CoFe), when compared to the performance of the monometallic catalysts containing only iron (CX/Fe) or cobalt (CX/Co). Specifically, 98.5% of the initial 4-NP content is removed after 30 min in the presence of CX/CoFe, representing a pollutant mass removal of 3940 mg g −1 h −1 , which is higher than most of the values reported in the literature for carbon-based and magnetite-based catalysts [13, 16, 25] . Given its potential catalytic activity (Eqs. (1)-(3) ), the iron leached to the treated water during the CWPO runs performed with CX/Fe and CX/CoFe (the magnetic carbon xerogels containing iron species) was determined. It was observed that the iron leached from CX/Fe amounts to 8.69 mg L −1 . On the contrary, CX/CoFe reveals a much better resistance to leaching, with an amount of leached iron of 0.67 mg L −1 at the end of the CWPO treatment, a value well below the limit of 2 mg L −1 allowed by common EU directives regulating the discharge of treated waters into natural water bodies. Up to this point, the catalytic performance of CX/CoFe allows to confirm the synergy -arising from the simultaneous inclusion of iron and cobalt -observed previously in the CWPO of sulfamethoxazole [23] . At that time, this effect was solely ascribed to an enhanced accessibility to the active iron species existing at the surface of CX/CoFe, promoted by the simultaneous incorporation of cobalt, such as discussed in previous Section 3.1. However, the additional fact that iron leaching was much lower (about 13-fold lower, for the catalyst CX/ CoFe (0.67 mg L −1 ), when compared to the catalyst CX/Fe (8.69 mg L −1 ), under the same experimental conditions) cannot be explained only in terms of the bimetallic interaction during the synthesis. Bearing this in mind, additional experiments were conducted seeking to clarify the nature of the mechanisms and interactions between the different metallic phases, which can be held responsible for the superior performance of CX/CoFe, when compared to the monometallic catalysts. The role of heterogeneous catalysis promoted by CX/CoFe was thus the object of a detailed study (Fig. 4) . The influence of adsorption in the global performance of the CX/CoFe catalyst was evaluated in a pure adsorption run. As observed in Fig. 4a , the removal of 4-NP by CWPO in the presence of CX/CoFe is markedly higher than the removal by pure adsorption. Moreover, the removal of 4-NP in the absence of a catalyst (non-catalytic) is null after 2 h of reaction. In order to understand if the iron leached to the solution could be responsible for the removals of 4-NP observed, the effect of homogeneous catalysis promoted by the amount of iron leached during CWPO was simulated using a Fe ). This contribution, shown in Fig. 4b , represents 4-NP and TOC removals of only 9.4% and 2.3%, respectively. Likewise, the possible effect of cobalt leaching was also considered negligible (this issue will be discussed in detail in Section 3.2.3). Taking into consideration these results, it can be clearly established that the contributions of pure adsorption, non-catalytic and homogeneous catalytic removals are negligible, confirming that CX/CoFe is very active as a heterogeneous catalyst for the CWPO of highly concentrated 4-NP solutions under mild operating conditions. In addition, the magnetic sensitivity of CX/CoFe (inset of Fig. 4a ) opens prospects for the development of in-situ magnetic separation systems.
Regarding the mineralization of 4-NP, ca. 57% of TOC removal is achieved upon application of the bimetallic CX/CoFe catalyst during 2 h -a value that increases up to ca. 67% when the CWPO experiment is allowed to proceed during 24 h. To evaluate the efficiency of H 2 O 2 consumption when CX/CoFe is applied in the CWPO of 4-NP, the TOC conversion (X TOC ) was plotted against the H 2 O 2 conversion (X H2O2 ) obtained after 2 and 24 h of reaction (cf. Fig. 4c ). As observed, the values of X TOC are similar to those of X H2O2 , suggesting high efficiency of TOC removal per unit of H 2 O 2 decomposed (ɳ H2O2 ). Specifically, the values of ɳ H2O2 are in the range 86-95%. Therefore, it is possible to conclude that, in addition to the high performance of the catalyst, the H 2 O 2 employed in the CWPO of highly concentrated 4-NP solutions with CX/CoFe is also consumed with high efficiency.
Oxidation mechanism
The reaction mechanism of HO%with aromatic compounds proceeds mainly through an electrophilic addition to the aromatic ring [27] [28] [29] . In the particular case of 4-NP, it was shown in previous works that the presence of the phenolic −OH group together with the eNO 2 group, is favourable to an electrophilic attack at the ortho position in respect to the eOH group, leading to the formation of 4-nitrocatechol [25, 26] . Nevertheless, hydroquinone, 1,4-benzoquinone and catechol can also be formed, in accordance with the oxidation mechanism previously proposed [26] . In order to confirm the oxidation/mineralization mechanism, the evolution of possible aromatic by-products was assessed in the experiments performed with the two magnetic samples exhibiting the highest activity. Accordingly, the performances of CX/Fe and CX/ CoFe are shown in Fig. 5a and b, respectively. Regardless of the catalyst employed, the mineralization of 4-NP by CWPO proceeds as expected, mainly via formation of 4-nitrocatechol; even if hydroquinone, 1,4-benzoquinone and catechol are also detected. However, the aromatic by-products of 4-NP CWPO are accumulated in solution when CX/Fe is applied (cf . Fig. 5a ); while, in the opposite, the aromatic by-products of 4-NP CWPO are readily mineralized in the presence of the bimetallic CX/CoFe catalyst (cf. Fig. 5b ). Therefore, it is possible to conclude that the superior performance previously evidenced by CX/CoFe regarding 
R.S. Ribeiro et al. Catalysis Today 296 (2017) 66-75
4-NP removal is also reflected on the subsequent steps of 4-NP mineralization. The evolution of possible non-aromatic by-products was assessed in the experiment performed with CX/CoFe, in order to confirm the formation of ring-opening products as the aromatic by-products are further attacked by HO%. As observed in Fig. 5c , several low molecular weight carboxylic acids were detected. Nitrate produced from the eNO 2 group of the 4-NP aromatic ring was also detected, confirming the eNO 2 group abstraction from the main aromatic rings through CWPO in the presence of CX/CoFe.
Reusability cycles
Two series of three consecutive CWPO runs were performed with CX/Fe and CX/CoFe in order to evaluate the effect of the simultaneous incorporation of cobalt and iron on the stability of the catalysts. For that purpose, the catalyst was filtered after each run, washed and dried at 60°C overnight, and then reused in CWPO with a fresh 4-NP solution. As observed in Fig. 6 , both magnetic carbon xerogels undergo partial deactivation upon successive reuse in CWPO cycles. This phenomenon results from the water treatment process intensification approach used in this work, which was employed in order to amplify the synergistic effect arising from the simultaneous inclusion of iron and cobalt in the CX/CoFe catalyst. The CWPO experiments were performed with high pollutant load (5 g L −1
) and low catalyst dosage (2.5 g L ), allowing to promote very harsh conditions in the catalytic system, especially as several by-products of 4-NP oxidation are formed. As observed in Fig. 5c , several low molecular weight carboxylic acids are formed during the CWPO of 4-NP under the operating conditions employed. After the initial adjustment, the experiments were allowed to proceed without further conditioning of pH. Therefore, the pH of the treated water dropped from 3.0 to 2.5 and 2.0, in the CWPO experiments performed with CX/Fe and CX/CoFe, respectively. In spite of the substantially higher decrease of the solution pH, the CX/CoFe catalyst reveals a much better resistance against the leaching of iron species to the treated water throughout the three reusability cycles considered (cf. Fig. 6 ). Nevertheless, the performance of CX/CoFe also decreases in the series of three CWPO experiments considered. Aiming to explain the interactions between cobalt and iron species responsible for the ). Experiments performed under the operating conditions given in Fig. 3 . 
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superior performance of CX/CoFe, but also for the partial catalyst deactivation observed, a detailed reaction mechanism is proposed in the following Section.
3.2.3.
Interactions between cobalt and iron species at the surface of the bimetallic CX/CoFe catalyst In CWPO, the H 2 O 2 molecule is decomposed via HO%formation with the participation of reduced active sites/species (i.e., electron donor sites/species) existing at the surface of a catalyst [16] . In this sense, the electron donating capacity of Fe 2+ is well recognized in CWPO. For the present experiments, the catalytic cycle is thought to be initiated through the redox reaction described in Eq. (1). In a more complex system, in which several metal species are present, the overall catalytic cycle is expected to be influenced by the redox potentials of each metal. With this in mind, the standard reduction potentials at 25°C (E 0 ) for half-reactions involving the metal species embedded in the magnetic carbon xerogels are compiled in Table 3 . The standard reduction potential of H 2 O 2 decomposition via HO% formation is also given.
As observed in Table 3 , the redox properties of cobalt and iron species are determined by the oxidation state in which they are present. Therefore, the identification and quantification of the oxidation state of each component existing at the surface of the magnetic carbon xerogels was performed by XPS analysis. Accordingly, the result of Fe 2p 3/2 and Co 2p 3/2 spectral fitting is shown in Fig. 7 . Regarding iron, the fit suggests a mix of Fe 2+ and Fe 3+ species both in CX/Fe and CX/CoFe. In addition, the relative amount of each iron species is not particularly affected by the simultaneous inclusion of cobalt, as concluded from the inset of Fig. 7a and c. For cobalt, the fit of the Co 2p 3/2 region suggests a mix Co, Co 2+ and Co 3+ species, both in CX/CoFe and CX/Co. In this case, the relative amounts of each cobalt species are also not particularly affected by the simultaneous inclusion of iron, as concluded from the insets of Fig. 7e and g. It should be noted that metallic Co was undetectable in the XRD pattern of CX/CoFe [23] , a phenomenon that may be ascribed to the interference of the less ordered graphic phase.
Once the composition of iron and cobalt species in each magnetic carbon xerogel is known, the half-reactions given in Table 3 were combined as shown in Table 4 , aiming to obtain a reaction mechanism able to justify the superior performance of the bimetallic CX/CoFe in CWPO, when compared to the performance of the monometallic CX/Fe and CX/Co. In order to predict the feasibility of the proposed redox reactions, the reaction potentials at 25°C (E) are also given. As observed in Eq. (10), Fe is theoretically able to reduce H 2 O 2 via HO% formation. However, although Fe was detected by XRD analysis in our previous publication [23] , it was undetected by XPS analysis both in CX/Fe and CX/CoFe (cf. Fig. 7a and c) . This observation suggests that Fe particles are preferably surrounded by the organic phase during the synthesis of the magnetic carbon xerogels, therefore being less accessible to H 2 O 2 . As expected, the reaction potential obtained for the reaction described in Eq. (11) Table 4 . The ability of metallic Co species to promote the formation of HO% from H 2 O 2 , as described by Eq. (13), was also considered. From a theoretical point of view, this reaction is spontaneous, with a high redox reaction potential. Nevertheless, when the results in Fig. 3 are analysed together with the results in Fig. 7 , it is observed that the presence of metallic Co species cannot, by itself, explain the largely superior performance of CX/CoFe in the CWPO of 4-NP, when compared to CX/Fe and CX/Co. As discussed before, CX/CoFe possesses nearly the same amount of metallic Co species as CX/Co; on the other hand, the phase composition of iron species in CX/CoFe is also about the same as in CX/Fe. However, the sum of the 4-NP removals obtained after 30 min of CWPO in the presence CX/Fe and CX/Co (i.e., 11.5% and 8.5%, respectively, corresponding to a combined 4-NP removal of 20%) is far below the 4-NP removal obtained in the presence of CX/CoFe (98.5%). These results suggest that the reaction described in Eq. (13) Eq. (14)). On the other hand, the redox reaction of Co with Fe 3+ , leading to the regeneration of Fe 2+ (cf. Eq. (15)), reveals a high reaction potential, thus being considered spontaneous. In order to confirm this hypothesis, both CX/Fe and CX/CoFe were collected after CWPO and characterized by XPS (cf. Fig. 7 ). As observed in Fig. 7a and b, the relative amount of iron species at the surface of CX/Fe is unaffected by CWPO although the overall iron surface content decreases. This result was expected, since when CX/Fe is applied in CWPO the catalytic cycle is mainly driven by Eqs. (2) and (3). On the opposite, when in the presence of cobalt species, the relative amount of Fe 2+ at the surface of CX/CoFe increases from 42.1 to 54.0% upon its application in CWPO (cf. Fig. 7c and d) , confirming the feasibility of the reaction described in Eq. (15). Therefore, it is possible to conclude that the reduction of Fe 3+ in the CWPO process is more efficient when metallic Co is combined with iron species, such as in the surface of the bimetallic CX/CoFe catalyst. This feature offers an alternative route to the reactions described by Eqs. (2) and (3), thus allowing to overcome one limiting step of the CWPO cycle with Fe species. Summarizing, it can be concluded that the synergy arising from the simultaneous incorporation of cobalt and iron in the magnetic carbon xerogel catalyst denoted as CX/CoFe can be ascribed to (i) the enhanced accessibility to the active iron species existing on the surface of CX/ CoFe, (ii) the ability of metallic Co species to catalyse H 2 O 2 decomposition via HO% formation, and to (iii) the more efficient reduction of Fe 3+ to Fe 2+ promoted by Co species existing on the surface of CX/ CoFe. The catalytic surface mechanism summarized in Fig. 8 accounts for the superior performance of the bimetallic iron-cobalt magnetic carbon xerogel (CX/CoFe) in the CWPO of 4-NP, when compared to that of the monometallic CX/Fe. Regarding the stability of the catalysts, as discussed in Section 3.2.2, the bimetallic CX/CoFe catalyst reveals a better resistance against leaching of iron species to the treated water when compared to the monometallic CX/Fe. This increased stability of iron species can be ascribed to the presence of Co 2+ in the structure of CoFe 2 O 4 (i.e., the main iron oxide in CX/CoFe, as determined by XRD analysis in our previous publication [23] content in cobalt ferrites, through a complex process approximately described by a second-order kinetic model [30] . This observation was thoroughly explained in terms of electronic effects within the solid Fig. 7 . Detailed XPS spectra of Fe 2p region of (a and b) CX/ Fe and (c and d) CX/CoFe; and detailed XPS spectra of Co 2p region of (e and f) CX/CoFe and (g) CX/Co. XPS spectra obtained (a, c, e and g) before and (b, d and f) after CWPO runs performed during 24 h under the operating conditions given in Fig. 3 . Inset: oxidation state of iron and cobalt species obtained from Fe 2p 3/2 and Co 2p 3/2 spectral fitting, respectively. 
